Mammalian hepatitis B X-interacting protein (HBXIP) is an 18-kDa protein that regulates a large number of transcription factors such as TF-IID, E2F1, SP1, STAT3, c-Myc, and LXR by serving as an oncogenic transcription coactivator and plays an important role in the development of breast cancer. We previously showed that HBXIP as an oncoprotein could enhance the promoter activity of MDM2 through coactivating p53, promoting the MDM2 transcription in breast cancer. In this study we investigated the molecular mechanisms underlying the modulation of MDM2/p53 interaction by HBXIP in human breast cancer MCF-7 cells in vitro and in vivo. We showed that HBXIP could up-regulate MDM2 through inducing DNA methylation of miR-18b, thus suppressing the miR-18b expression, leading to the attenuation of p53 in breast cancer cells. In addition, HBXIP could promote the phosphorylation of MDM2 by increasing the level of pAKT and bind to pMDM2, subsequently enhancing the interaction between MDM2 and p53 for the down-regulation of p53 in breast cancer cells. In MCF-7 breast cancer xenograft nude mice, we also observed that overexpression of HBXIP promoted breast cancer growth through the miR-18b/MDM2 and pAKT/MDM2 pathways. In conclusion, oncoprotein HBXIP suppresses miR-18b to elevate MDM2 and activates pAKT to phosphorylate MDM2 for enhancing the interaction between MDM2 and p53, leading to p53 degradation in promotion of breast cancer growth. Our findings shed light on a novel mechanism of p53 down-regulation during the development of breast cancer.
INTRODUCTION
Tumor suppressor p53 is a key transcription factor, which activates or represses varieties of genes expression and has been documented in multiple biological processes [1] [2] [3] . It plays an important role in apoptosis, cell cycle arrest, metabolism, senescence and is a crucial regulator of therapeutic targets in cancer [4] [5] [6] . The expression of p53 is subject to a large number of regulations at the levels of transcription, posttranscription and translation [7] . The MDM2 protein, which is encoded by the mouse double-minute 2 (MDM2) gene, is a negative regulator of p53 and implicated in the abundance and subcellular localization of p53 [7, 8] . MDM2 is overexpressed in lots of human cancers, including lung cancer, melanoma, breast cancer, non-Hodgkin's lymphoma, esophageal cancer, leukemia and sarcoma [9, 10] . Many studies have indicated that MDM2 can act as an E3 ligase to promote the proteasome degradation of p53 during cancer development [11] [12] [13] [14] . Meanwhile, a variety of proteins in the cells, such as transcription factor p53, can up-regulate the MDM2 expression [15] . Yet, the underlying regulatory mechanism of MDM2-p53 circuit by different pathways in cancers still need to be further investigated.
The expression of MDM2 and MDM2-mediated p53 ubiquitination and degradation can be modulated in different ways [7, 16] . Overexpressed miR-18b is capable of reducing MDM2 and increasing p53 to regulate the MDM2-p53 pathway in melanoma cells [17] . MiR-18b is located at chromosome X in the cluster of miR-106a-363 and its aberrant expression is associated with a variety of human pathologies, such as multiple sclerosis, cardiac hypertrophy and hepatitis B virus chronic infection [18] [19] [20] . Moreover, miR-18b expression is also deregulated in human cancers and is highly expressed in ERα-negative as compared with ERα-positive clinical tumors [21] . The methylation takes great part in the regulation of miR-18b expression and MDM2-p53 pathway [17] . In addition, previous researches indicate that the phosphorylation of MDM2 by multiple stressactivated kinases including c-Abl, ATM, or AKT affects MDM2-p53 signaling and also significantly alters the function of p53 [22, 23] . Accumulating evidence has revealed that the protein kinase AKT is able to enhance the ubiquitination function of MDM2, leading to the down-regulation of p53 in breast cancer cells [24] . Nevertheless, the further mechanism of the pathway remains unknown.
Mammalian hepatitis B X-interacting protein (HBXIP), also known as LAMTOR5 [25] , is an 18-kDa protein containing a leucine zipper at its C-terminal [26] . It was firstly identified via the interaction with hepatitis B virus X protein, resulting in the suppression of hepatitis B virus replication and modulating the duplication of centrosome in HeLa cells [27] . Our previous study has indicated that HBXIP as an oncopretein recruits the acetyltransferase p300 to p53 in the promoter of MDM2, promoting the MDM2 transcription in breast cancer [28] . It has been reported that HBXIP regulates a large number of transcription factors, such as TF-IID, E2F1, SP1, STAT3, cMyc, and LXR by serving as an oncogenic transcription coactivator and plays an important role in the development of breast cancer [29] [30] [31] [32] [33] . However, the indirect regulatory mechanism of MDM2 by oncoprotein HBXIP in breast cancer remains unclear.
Here, we investigated the effect of HBXIP on modulation of MDM2-p53 pathway via two different cascades. Our data reveal that HBXIP suppresses miR-18b to increase the MDM2 expression and induces the phosphorylation of MDM2 to enhance the interaction of MDM2 with p53, leading to augmented p53 degradation in acceleration of breast cancer growth. The present study provides a new insight into the mechanism of p53 downregulation mediated by HBXIP during the development of breast cancer.
MATERIALS AND METHODS
Cell culture and treatment Breast cancer cell lines MCF-7, LM-MCF-7, (a metastatic subclone of MCF-7 breast cancer cell line) and MCF-7-HBXIP (stably transfected pCMV-HBXIP plasmid) were maintained in RPMI 1640 medium (Gibco, CA, USA). Dulbecco's modified Eagle's medium (Gibco) was used to culture human kidney epithelial HEK293T cells and human colon cancer cell line HCT116 p53
. All cell lines were maintained in heat inactivated 10% fetal bovine serum (FBS, Gibco), 100 mg/mL streptomycin as well as 100 U/mL penicillin at 37°C and 5% CO 2 . All cell lines used in the manuscript were authenticated before the experiments.
Total RNA isolation, reverse-transcription PCR (RT-PCR) and realtime PCR RNA was isolated from cells by TRIzol reagent (Invitrogen, USA). The PrimeScript reverse transcriptase Kit (TaKaRa Bio, China) was used to synthesize first-strand cDNA. To detect the expression of mature miR-18b, total RNA was polyadenylated by poly (A) polymerase (Ambion, Austin, TX, USA). The poly (A)-tailed total RNA and reverse transcription primer with ImPro-II Reverse Transcriptase (Promega, Madison, WI, USA) were used to perform reverse transcription, based on manufacturer's instructions. The real-time PCR and RT-PCR were performed as described previously [34] . Primers used for detection of HBXIP, p53, MDM2, AKT, GAPDH cDNA, and miR-18b, U6 were described in Supplementary Table S1 .
Plasmid construction and small interference The pCMV-tag2B, siRNAs, pGL3-Basic vector, pRL-TK plasmid (Promega), pCMV-MDM2 and pCMV-HBXIP were kept in our laboratory. The constitutively active AKT (CA-AKT) was purchased from Upstate Biotechnology (Lake Placid, NY). The miR-18b mimics and anti-miR-18b mimics were obtained from Riobio Company (Guangzhou, China). For animal transplantation experiment, miR-18b expression plasmid was obtained also from Riobio Company (Guangzhou, China). The miR-18b promoter region was cloned into pGL3-Basic vector for generation of the pGL3-miR18b construct. Primers used for pGL3-miR-18b cloning were described in Supplementary Table S1 according to previous study [17] . The nucleotide sequence of siRNA for AKT was subcloned into pSilencer 3.1-H1 neo vector for generating pSilencer-AKT. The siRNAs against HBXIP, p53, AKT, and control siRNAs were purchased from Riobio Company (Guangzhou, China). The sequences of the siRNAs were described previously [27, 35, 36] .
Western blot analysis Western blot analysis was performed according to manufacturer's protocols. Primary antibodies used were rabbit anti-p53 (Proteintech Group, USA), rabbit anti-MDM2 (BOSTER, Wuhan, China), mouse anti-pMDM2 (Ser186) (Aviva Systems Biology, USA), rabbit anti-HBXIP (Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse anti-pAKT (Abcam, Cambridge, UK), rabbit anti-AKT (BOSTER), rabbit anti-pPRAS40 (Thr246) (OmnimAbs, USA) and mouse anti-β-actin (Sigma, Aldrich, St. Louis, MO, USA). For related experiments, the LY294002 (a PI3K inhibitor) (MedChemExpress, USA) and MK-2206 (an AKT inhibitor) (MedChemExpress, USA) were used at 20 μM and 5 μM, respectively.
Luciferase reporter gene assay The cells were cultured in 24-well plates and transfected with relative plasmids or siRNAs. Cell extracts were obtained through lysis buffer (Promega). The Dual-Luciferase Reporter Assay System (Promega) was used for luciferase reporter gene assay according to instructions for manufacturer. For related experiments, the methylation inhibitor, 5-aza-2'-deoxycytidine (Aza) (Sigma), was used at 5.0 μM.
Methylation-specific PCR Promoter methylation of miR-18b gene was detected by methylation-specific PCR (MSP) as previously described [17] . Genomic DNA was subjected to bisulfite modification by using Epitect Bisulfite Kit (Qiagen, Germany) based on the protocol. MSP experiments were performed at least in duplicate.
Co-immunoprecipitation assay
The protocol for co-immunoprecipitation (co-IP) was indicated in previously published articles [37] . Lysates from the cells were incubated with relative antibodies and protein G-conjugated agarose beads for 2 h at 4°C. The precipitates were washed at least six times with ice-cold lysis buffer, and then resolved using SDS-PAGE loading buffer followed by Western blot analysis.
Confocal microscopy
Confocal microscopy was performed as described previously [38] . The cells were fixed with paraformaldehyde, and permeabilized with 0.1% Triton X-100 in PBS. After blocking, primary antibodies and fluorophore-conjugated secondary antibody (DAKO) were used to incubate with cells at room temperature. After washing by PBS, slides were mounted with glycerol and observed under a confocal microscopy (Leica TCS SP5).
Analysis of cell proliferation
Proliferation of the cells was tested using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma) assay as previously described [39] and 5-ethynyl-2′-deoxyuridine (EdU) incorporation assay. EdU incorporation assay was carried out with the Cell-Light TM EdU imaging detection kit (RiboBio) based on the instructions for manufacturer.
Colony formation assay For clonogenicity analysis, cells after transfection were cultured in 6-well plates with complete medium for 2-3 weeks. Colonies were fixed with methanol and stained with methylene blue.
Animal transplantation 4-week-old female BALB/c athymic nude mice were divided into four groups (Experiment Animal Center of Peking, China; each group, n = 5) and treated according to guidelines established by the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Based on the report [40] , 1.7 mg of 17β-estradiol pellet (90 days release; Beijing Solarbio Science and Technology Co., China) was implanted into each nude mouse to provide the estrogen for the proliferation of MCF-7 cells. After implantation, MCF-7-pCMV + shControl, MCF-7-HBXIP + shControl, MCF-7-HBXIP + miR-18b (MCF-7-HBXIP cells transfected with 7.5 μg of miR-18b expression plasmids) and MCF-7-HBXIP + shAKT (MCF-7-HBXIP cells transfected with 7.5 μg of pSilencer-AKT) cells were harvested, suspended at 5 × 10 7 cells/mL with phosphatebuffered saline. The mouse mammary fat pads were injected with 0.2 mL of the cell suspensions. Beginning 5 days after injection, the growth of tumor was tested every 3 days. Tumor volume (V), quantified by testing the width (W) and length (L) using calipers, was calculated through the formula (W 2 × L) × 0.5. After 30 days, the mice were sacrificed, and the tumors were excised and measured. All the studies were performed according to the guidelines established by the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were performed according to the institutional ethical guidelines for animal experiment. All experiments were approved by the Institute Research Ethics Committee at Nankai University.
Statistical analysis
Each experiment was repeated at least three times. Statistical significance was assessed by comparing mean values ( ± SD) using a Student's t test for independent groups and was assumed for P < 0.05 (*), P < 0.01 (**) and P < 0.005 (***). The expression of HBXIP and MDM2 at the levels of mRNA and protein was examined by RT-PCR and Western blot analysis in MCF-7 and LM-MCF-7 cells, respectively. The expression level of miR-18b was detected by real-time PCR analysis in MCF-7 and LM-MCF-7 cells, respectively. e, f The mRNA level of HBXIP and MDM2 was determined by RT-PCR analysis in MCF-7 and LM-MCF-7 cells, respectively. Each experiment was repeated at least three times. Student's t test; *P < 0.05; **P < 0.01 RESULTS HBXIP up-regulates MDM2 through decreasing miR-18b in breast cancer cells In the previous research, we reported that HBXIP could directly stimulate MDM2 transcription in regulation of the MDM2-p53 circuit via acting as a coactivator of p53 transcription factor [28] . Since HBXIP is a multifunctional oncogenic coactivator involved in numerous crosstalks between signaling pathways, we are interested in finding out whether HBXIP can modulate MDM2 or p53 levels by other ways in breast cancer cells. Then, we investigated the effect of HBXIP on MDM2 expression in breast cancer cells treated with p53 siRNA. Interestingly, when p53 was decreased by p53 siRNA in MCF-7 cells, HBXIP could still increase the mRNA level of MDM2 (Fig. 1a) . Furthermore, we verified the result in a p53-deficient cell line, HCT116 p53 −/− cells (Fig. 1b) . These data demonstrated that HBXIP was capable of up-regulating MDM2 expression level in a p53 independent manner. It has been reported that the miR-18b is able to promote the reduction of MDM2 in melanoma cells [17] . Accordingly, we wondered whether HBXIP could up-regulate MDM2 via modulating miR-18b in breast cancer cells. As expected, we found that HBXIP could decrease the level of miR-18b by real-time PCR and increase the expression of MDM2 at the mRNA and protein levels in MCF-7 cells through RT-PCR and Western blot analysis (Fig. 1c) . The similar result was Figure S1a) . Meanwhile, knockdown of HBXIP in LM-MCF-7 cells (a metastatic subclone of MCF-7 cell line expressing high-level HBXIP [29] ) or in MCF-7-HBXIP cells (stably transfected pCMV-HBXIP plasmid) showed the opposite results (Fig. 1d, Supplementary Figure S1b) .
Our data further revealed that overexpressed miR-18b could abolish the up-regulation of MDM2 mediated by HBXIP in the cells (Fig. 1e, Supplementary Figure S1c) . However, anti-miR-18b could attenuate the inhibition of MDM2 mediated by HBXIP siRNA in LM-MCF-7 and MCF-7-HBXIP cells (Fig. 1f, Supplementary Figure S1d) . The levels of HBXIP, total AKT, pAKT, and pMDM2 were examined by Western blot analysis in MCF-7 cells transfected with pCMV-HBXIP (or pCMV) and LM-MCF-7 cells transfected with HBXIP siRNA (or Control siRNA). e Effects of LY294002 (a PI3K inhibitor) or AKT siRNA on the levels of total AKT, pAKT, phosphorylated PRAS40 (Proline-rich AKT substrate 40 kDa) and pMDM2 were examined by Western blot analysis in MCF-7 cells when HBXIP was overexpressed. f Effects of MK-2206 (an AKT inhibitor) or HBXIP siRNA on the levels of total AKT, pAKT, pPRAS40, and pMDM2 were examined by Western blot analysis in MCF-7-HBXIP cells. g, h The interaction between MDM2 and p53 was determined by co-IP assay in MCF-7 cells treated with pCMV-HBXIP/MK-2206 or CA-AKT/HBXIP siRNA. i The interaction between HBXIP and MDM2 was detected by co-IP assay in MCF-7 cells treated with MK-2206. Each experiment was repeated at least three times Therefore, we conclude that HBXIP is capable of elevating MDM2 through bating miR-18b in breast cancer cells.
HBXIP restrains p53 through enhancing MDM2 involving methylation of miR-18b promoter Next, we tried to explore the underlying mechanism about the suppression of miR-18b induced by HBXIP. The core region of the miR-18b promoter [17, 41] , termed as miR-18b-pro, was cloned into the pGL3-Basic plasmid for generating the construct of pGL3-miR-18b. We determined that the promoter activity of miR-18b was markedly decreased by HBXIP in MCF-7 cells (Fig. 2a) , and the result was validated in a dose-dependent manner in MCF-7 and HEK293T cells (Fig. 2b ,c) . Moreover, HBXIP siRNA enhanced the activity of miR-18b promoter in LM-MCF-7 cells (Fig. 2d) . Thus, the results imply that the overexpression of HBXIP is able to suppress the promoter activity of miR-18b in breast cancer cells. Previous study has demonstrated that the promoter of miR-18b can be silenced by hypermethylation in cells [17] . Hence, we supposed that HBXIP might decrease miR-18b level by inducing methylation of miR-18b promoter and then performed methylation analysis of miR-18b-pro. Through the Meth Primer software (http://www. urogene.org/methprimer/) [42] , we observed a large number of CpG-rich regions (Fig. 2e) . Then, the CpG methylation of miR-18b promoter was observed in stably pCMV-HBXIP-transfected MCF-7 cells using methylation-specific PCR (MSP) analysis (Fig. 2f) , suggesting that HBXIP could promote the methylation of miR18b promoter in breast cancer cells. Furthermore, treatment of MCF-7 and HEK293T cells with 5-aza-2′-deoxycytidine (Aza), the DNA methylation inhibitor, reversed the suppression of miR-18b promoter activity mediated by HBXIP (Supplementary Figure S2a  and b) , supporting that HBXIP could suppress miR-18b through inducing methylation of miR-18b promoter in the cells. Western blot analysis further indicated that miR-18b could abolish the upregulation of MDM2 and down-regulation of p53 mediated by HBXIP in MCF-7 cells (Fig. 2g) , confirming that HBXIP up-regulated MDM2 and down-regulated p53 via modulation of miR-18b in the cells. Collectively, HBXIP can down-regulate p53 through upregulating MDM2 involving inducing methylation of miR-18b promoter and decreasing miR-18b in breast cancer cells.
HBXIP is required for MDM2-induced p53 degradation As we know, the E3 ubiquitin ligase activity of MDM2 requires other potent activators and numerous proteins are capable of interacting with MDM2 to promote the polyubiquitination of p53 mediated by MDM2 [7, [43] [44] [45] . Therefore, we speculated that HBXIP was involved in the MDM2-mediated p53 degradation through interacting with MDM2 in the cells. Co-IP analysis showed that HBXIP could bind to MDM2 in MCF-7 cells (Fig. 3a) . The colocalization was further revealed by confocal microscopy (Fig. 3b) , supporting that HBXIP could interact with MDM2 in breast cancer cells. Interestingly, silencing or overexpression of HBXIP could suppress or enhance the interaction between p53 and MDM2 in MCF-7 cells (Fig. 3c ), implying that HBXIP was able to recruit p53 to MDM2 in the cells. In addition, Western blot analysis indicated that the HBXIP depletion could attenuate the inhibition of p53 mediated by MDM2 although MDM2 was overexpressed in MCF-7 cells (Fig. 3d) , supporting that HBXIP was required for MDM2-mediated p53 reduction in breast cancer cells. The conclusion was further validated in MCF-7-HBXIP cells (Supplementary Figure S3) . Thus, we summarize that HBXIP is required for the degradation of p53 mediated by MDM2 through recruiting p53 to MDM2.
HBXIP enhances the interaction between p53 and MDM2 via promoting the phosphorylation of MDM2 mediated by AKT and binding to pMDM2 Taken a step further, we aimed to identify the mechanism by which HBXIP recruited p53 to MDM2. Previous study has proven that the protein kinase AKT is able to enhance MDM2-mediated ubiquitination and degradation of p53 by phosphorylation of Ser186 of MDM2 in breast cancer cells [24] . Given that HBXIP could activate AKT in breast cancer cells [46] , we raised a presumption that HBXIP participated in MDM2-mediated degradation of p53 via modulating AKT-MDM2 signaling pathway. We firstly showed that HBXIP had no effect on the mRNA and protein levels of AKT in breast cancer cells as indicated by RT-PCR and Western blot analysis (Fig. 4a-d) . Then, the result verified that overexpression of HBXIP could result in the increase of pAKT level and up-regulation of pMDM2 (Ser186) in MCF-7 cells in a dose-dependent manner (Fig. 4c) . HBXIP siRNA led to the opposite result in LM-MCF-7 cells (Fig. 4d) . The above data illustrated that HBXIP could increase the phosphorylation level of AKT as well as MDM2 in breast cancer cells. Furthermore, Western blot analysis revealed that the inactivation of AKT by treatment with LY294002, a PI3-kinase inhibitor, or AKT siRNA could impair the up-regulation of pMDM2 mediated by HBXIP in MCF-7 cells (Fig. 4e) . Meanwhile, the HBXIP siRNA and MK-2206 (AKT inhibitor) could both decrease the level of pMDM2 in MCF-7-HBXIP cells (Fig. 4f) . These results supported that HBXIP increased pMDM2 through up-regulating pAKT in the cells. Finally, co-IP analysis revealed that the inactivation of AKT d The effect of HBXIP with miR-18b or AKT siRNA on cell proliferation was detected by colony formation assay in MCF-7 cells. The data presented are from three independent experiments; Student's t test; *P < 0.05; **P < 0.01 using MK-2206 or LY294002 could suppress the HBXIP-enhanced interaction between p53 and MDM2 in MCF-7 cells (Fig. 4g,  Supplementary Figure S4a) , confirming that the HBXIP-induced recruitment of p53 to MDM2 required the phosphorylation of MDM2 mediated by AKT in the cells. Meanwhile, knockdown of HBXIP could also inhibit the interaction enhanced by constitutively active AKT (CA-AKT) in MCF-7 cells (Fig. 4h) , indicating that the AKT-induced phosphorylation of MDM2 could enhance the interaction between p53 and MDM2 and the event required the participation of HBXIP. Additionally, we verified that the phosphorylation of MDM2 by AKT was required for HBXIP binding to MDM2 in MCF-7 cells (Fig. 4i, Supplementary Figure S4b) . In conclusion, our data indicate that HBXIP enhances the interaction between p53 and MDM2 via promoting the phosphorylation of MDM2 mediated by AKT and binding to pMDM2 in breast cancer cells.
HBXIP promotes the proliferation of breast cancer cells by suppressing miR-18b and enhancing the interaction between MDM2 and p53 Next, we evaluated the effect of HBXIP on breast cancer cell proliferation mediated by miR-18b and HBXIP-enhanced interaction of MDM2-p53 in vitro. Since the preceding results revealed that HBXIP induced the interaction between p53 and MDM2 via activating AKT, the knockdown of AKT was thought to be an effective approach for blocking the MDM2-p53 interaction enhanced by HBXIP. Overall, the experiments were performed by using miR-18b/anti-miR-18b mimics and AKT siRNA/CA-AKT. As expected, the treatment with miR-18b or AKT siRNA could abolish the proliferation of MCF-7 cells enhanced by HBXIP by MTT assay (*P < 0.05, **P < 0.01, Student's t test, Fig. 5a ). The similar results were obtained by using EdU incorporation assay (*P < 0.05, **P < 0.01, Student's t test, Fig. 5b) . While, the treatment of anti-miR-18b or CA-AKT rescued the proliferation of LM-MCF-7 cells decreased by HBXIP siRNA (*P < 0.05, **P < 0.01, Student's t test, Fig. 5c ). Colony formation assay could repeat the above result in MCF-7 cells (Fig. 5d) , suggesting that miR-18b and AKT pathway were required for the promotion of breast cancer cell proliferation mediated by HBXIP. Above all, we conclude that HBXIP promotes the proliferation of breast cancer cells by suppressing miR-18b and enhancing the interaction between MDM2 and p53.
HBXIP accelerates the tumor growth through suppressing miR-18b and enhancing the interaction between MDM2 and p53 in mice To further investigate the effect of HBXIP on tumor growth by modulation of miR-18b and MDM2-p53 interaction in vivo, we performed tumor formation assay. The increased volume and weight of tumors were observed in OE (overexpressed)-HBXIP group, whereas the OE-HBXIP combined with miR-18b or AKT , and p53 in the tumor tissues from mice were detected by Western blot analysis. The data presented are from three independent experiments; Student's t test; *P < 0.05; **P < 0.01 knockdown (shAKT) group showed a significant reduction in tumor growth (*P < 0.05, **P < 0.01, Student's t test, Fig. 6a-c) . Meanwhile, the protein levels of HBXIP, MDM2, and p53 from tumor tissues of mice were validated using Western blot analysis (Fig. 6d) , suggesting that HBXIP down-regulated p53 through upregulating MDM2 involving suppressing miR-18b and modulating MDM2-p53 interaction. Overall, the results strongly suggest that HBXIP accelerates the tumor growth through suppressing miR-18b and enhancing the interaction between MDM2 and p53 in mice.
DISCUSSION
Tumor suppressor p53 is a transcription factor, which can activate or repress varieties of genes expression and plays a critical role in multiple biological processes by acting as an important regulator of therapeutic target in cancer [47, 48] . The MDM2 protein is able to function as an E3 ligase to promote the p53 degradation during cancer development [13, 49] . However, the regulatory mechanism of MDM2 by different pathways and the underlying mechanism of p53 down-regulation mediated by MDM2 in cancers are still elusive. Our report has revealed that HBXIP can serve as a coactivator of p53 to stimulate the MDM2 transcription for the regulation of MDM2-p53 circuit in breast cancer [28] . In the current study, we concern whether HBXIP can modulate MDM2 and p53 levels by other ways in breast cancer cells.
We first found that HBXIP could up-regulate the expression level of MDM2 independent of p53 in cells. Since evidences demonstrated that the miR-18b could promote the reduction of MDM2 in melanoma cells [17, 50] , we speculated that HBXIP up-regulated MDM2 through modulating miR-18b in breast cancer cells. As expected, we observed that HBXIP could decrease the level of miR-18b in breast cancer cells. Moreover, HBXIP enhanced MDM2 expression through decreasing miR-18b in the cells. Next, we aimed to clarify the mechanism of miR-18b suppression induced by HBXIP. Our results indicated that overexpressed HBXIP was able to decrease the miR-18b promoter activity in breast cancer cells. Previous research has indicated that the promoter of miR-18b can be silenced by hypermethylation in cells [17] . Interestingly, we revealed that HBXIP inhibited miR-18b through inducing methylation of miR-18b promoter in the cells. The expression of miR-18b is deregulated in varieties of human cancers, while the role of miR18b in different cancers, especially in breast cancer, remains largely unexplored [51] . Here, we illustrated that the miR-18b was decreased by highly expressed HBXIP in MCF-7 cells, which was consistent with the previous research that miR-18b levels were significantly increased in most breast cancer cells but decreased in MCF-7 cells and normal breast tissues [52] . We first report that HBXIP down-regulates p53 through up-regulating MDM2 involving inducing methylation of miR-18b promoter and decreasing miR-18b in breast cancer cells.
Gene regulation is a complex network in cells that involves a number of regulators to have crosstalks with each other between different pathways [53, 54] . Hence, we are interested in other mechanism by which HBXIP modulates p53. Since the E3 ubiquitin ligase activity of MDM2 required other potent activators and numerous proteins could interact with MDM2 to promote the ubiquitination of p53 mediated by MDM2 [43, 45] , we assumed that HBXIP was involved in the MDM2-mediated p53 degradation through interacting with MDM2. As expected, we verified that HBXIP participated in the degradation of p53 mediated by MDM2 by recruiting p53 to MDM2 in the cells. Previous study revealed that the protein kinase AKT was responsible for MDM2-mediated ubiquitination and degradation of p53 through Ser186 phosphorylation of MDM2 in breast cancer cells [24] , but the deeper understanding for the event was still unclear. Additionally, we reported previously that HBXIP could activate AKT in breast cancer cells [46] . Accordingly, here we hypothesized that HBXIP took part in MDM2-mediated degradation of p53 via modulating AKT-MDM2 signaling pathway in the cells. As predicted, the result illustrated that HBXIP could enhance the interaction between p53 and MDM2 through promoting the phosphorylation of MDM2 mediated by AKT and binding to pMDM2 in breast cancer cells. Although AKT has been indicated to modulate the p53 degradation mediated by MDM2 [24] , the relationship between pAKT/ pMDM2 pathway and MDM2-p53 interaction was still elusive. In this study, we first revealed that the AKT-induced phosphorylation of MDM2 could enhance the interaction between p53 and MDM2 and the event required the participation of HBXIP in breast cancer cells. So far, we identified two HBXIP-mediated pathways for down-regulation of p53 in promotion of breast cancer growth. Additionally, we validated the relationship between the two pathways in breast cancer cells. The result demonstrated that AKT could not modulate miR-18b upon HBXIP in the cells (Supplementary Figure S4c ), suggesting that HBXIP functioned through two independent pathways. Growing evidences demonstrated that increased level of MDM2 or down-regulation of wild-type p53 was able to promote breast cancer progression [55, 56] . In function, we further approved that HBXIP promoted breast cancer development by suppressing miR18b and enhancing the interaction between MDM2 and p53 in vivo and in vitro. Therefore, HBXIP can be taken as an important target of breast cancer.
The main approach for the stabilization of p53 is the decreased interaction between MDM2 and itself, resulting in the upregulation of p53 [57] . But little is indicated about the mechanism of accelerating p53 down-regulation in cancers. In this study, we present a model showing that HBXIP enhances breast cancer cell proliferation by decreasing p53 in two pathways (Fig. 7) : 1) HBXIP Fig. 7 A model showing that the oncoprotein HBXIP downregulates p53 through two pathways to promote the growth of breast cancer. HBXIP up-regulates MDM2 through suppressing miR-18b via inducing the CpG island methylation in miR-18b promoter, resulting in the reduction of p53; HBXIP enhances the p53 degradation through promoting the phosphorylation of MDM2 by increasing the level of pAKT and binding to pMDM2, which subsequently enhances the interaction between MDM2 and p53 suppresses the expression of miR-18b to up-regulate MDM2 via inducing the CpG island methylation in miR-18b promoter, resulting in the reduction of p53; 2) HBXIP accelerates the p53 degradation through promoting the phosphorylation of MDM2 by increasing the level of pAKT and binding to pMDM2, which subsequently enhances the interaction between MDM2 and p53. Therefore, our findings provide new insights into the mechanism of p53 down-regulation in promotion of breast cancer growth.
